Nuclear spin-lattice relaxation times of Al in pure Al and Cu6' in annealed pure Cu have been measured with a nuclear induction spectrometer, by the method of saturation, The experimental values of Ti are 4.1~0.8 milliseconds for A127 and 3.0~0.6. milliseconds for Cu", in reasonable agreement with theory.
The dispersion mode of the nuclear resonance was also observed, and it was found that y' (the real part of the rf susceptibility) does not saturate at the same level as the absorption, x", but remains roughly constant out to a radio-frequency 6eld intensity of about 2 gauss. Both x' and p" become narrower and nearly Lorentzian in shape above saturation. When the dc magnetic Geld modulation is increased from 14 to 41 cps the phase of the dispersion signal lags behind the modulation, presumably because the modulation period is then comparable to Ti. Large dispersion signals above saturation have also been observed for the Na" resonance in NaC1.
This behavior of the dispersion mode is in conQict with the predictions of Bloembergen, Purcell, and Pound and of the Bloch equations. The validity of these theories is re-examined, and it is concluded that although they are applicable to nuclear resonance in liquids and gases, and to solids at small rf intensities, they contain incorrect assumptions as applied to solids at high rf power levels. The theory of Bloembergen, Purcell, and Pound is based on an assumption equivalent to that of a spin temperature. It is shown that the spin state cannot be strictly described by a spin temperature because the phases of the spin quantum states are not incoherent, as required by the temperature concept. The transverse decay of the nuclear magnetization predicted by the Bloch equations is shown to be partially forbidden by energy and entropy considerations if a large rf field at the resonance frequency is continuously applied to the solid.
A theory is developed which is applicable only to solids at rf magnetic 6eld intensities well above the saturation level and which is in reasonable agreement with the experimental observations.
The Hamiltonian is transformed to a coordinate system rotating at the frequency of the rf 6eld. The resulting time-dependent parts of the spin-spin interaction are nonsecular perturbatioris on the timeindependent part, and can therefore be ignored. Statistical mechanics is applied to the remaining stationary spin Hamiltonian;
specifically it is assumed that the spin system is in its most probable macrostate (a canonical distribution of quantum states) with respect to the transformed spin Hamiltonian. This assumption is justified because the transformed spin Hamiltonian is eRectively time independent and the spin-lattice interaction is small, and it is analogous to assumptions basic to classical acoustics and Quid mechanics. The spin-lattice interaction merely determines the expectation value of the transformed spin Hamiltonian, which can be readily calculated under the assumption that the expectation value of the spin angular momentum of each spin is relaxed independently to its thermal equilibrium value by the lattice in time T&. Both fast and slow modulation of the dc magnetic 6eld can be treated.
"Rotary saturation" is observed by applying an audio-frequency magnetic 6eld to the sample in the dc field direction while observing the dispersion derivative at resonance with a large rf 6eld II&. When the audio-frequency approaches ya& the dispersion signal decreases and goes through a minimum. The e6'ect is easily treated theoretically in solids, liquids and gases by using a rotating coordinate system, and is a rotary analogue of ordinary saturation.
It is a convenient method for calibrating rf magnetic Gelds and appears potentially capable of providing useful information on the solid state. Experimental data on rotary saturation are presented and discussed.
I. INTRODUCTION HIS paper reports an experimental and theoretical study of nuclear magnetic resonance in solids at high rf magnetic 6eld intensity. Metallic copper and aluminum were experimentally investigated, and the original objective of this work was to obtain nuclear spin-lattice relaxation times in these metals for comparison with the observed' Knight shifts' and the theory of Korringa, ' which relates the relaxation times and Knight shifts to the electronic structure of the metals. The spin lattice relaxation times were measured by the method of saturation.
In the course of these measurements it was found that the dispersion mode of the nuclear resonance signal behaves in a way which is in conAict with the existing theories' ' of magnetic resonance saturation. As a re-* Partially supported by the Ofhce of Naval Research.
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e Bloembergen, Purcell, and Pound, Phys. Rev. 73, 679 (1948) (henceforth referred to as BPP). 6 A. M. Portis, Phys. Rev. 91, 1071 (1953 . suit, the validity of these theories as applied to solids was re-examined, and a theory was developed along somewhat different lines which appears to agree with experiment for rf magnetic field intensities well above the saturation level. This theory also suggested the possibility of observing an effect which we call "rotary saturation, " analogous to ordinary saturation but taking place in the effective field of a rotating coordinate system.
II. SATURATION DATA AND DISCUSSION
The experimental apparatus was a nuclear induction spectrometer' similar to those previously built by Weaver" and by Jeffries. s The details will be described elsewhere. The most important new feature of this equipment was a suitable calibrating circuit, permitting relative measurements of rf nuclear susceptibility to be made independent of receiver gain, rf level, and other variables. The output of this spectrometer yields the r H. E. Weaver, Phys. Rev. 89, 923 (1953) .
' C. D. j'effries (private communication to Professor Bloembergen). We are indebted to Professor Jerries for information on his spectrograph. 1787 derivatives of the real and imaginary susceptibilities' p' and p". The rf intensity was determined to an accuracy of better than 5 percent using the method of rotary saturation described below. All data were obtained at room temperature.
Powdered samples of pure aluminum and annealed pure copper were prepared as described by Sloembergen and Rowland. " In these samples, electric quadrupole eGects are relatively small and can evidently be neglected. ""
The relative absorption at resonance was measured by integrating the recorded absorption signal. The absorption data are plotted in Fig. 1 , for an rf frequency of 7.6 Mc/sec and a magnetic field modulation frequency of 14 cps. In both aluminum and copper the absorption appears to follow the expected' ' dependence on rf field intensity for a system of dipolar coupled spins:
x" (vo, Hr) =x" (vp, O)(1+ox'Hr'I'ig(vo)] ', (1) where x" (vo, H&) is the imaginary part of the nuclear magnetic susceptibility, g(v) is the shape function of the unsaturated resonance, vo is the resonance frequency, and II~is the magnitude of the rotating rf field. "
The shape function g(v) is normalized with respect to integration over frequency: (vp) as a function of rf Geld intensity. The units of x" (vp} are not the same for aluminum and copper in this figure.
' Throughout this paper we use x to denote the x -x component of the complex susceptibility tensor defined by M=ReL(x'+fx"}H expuutg, where fvl is the oscillatory magnetization produced by the rf field II cosset. The experimentally observed quantity is the oB-diagonal element p"which is equal to Mix for a spin system in a large dc magnetic field.
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"Throughout this paper the rf field intensity, denoted by III, will be the amplitude of one of the circularly polarized modes which comprise the applied linearly polarized rf field of peak amplitude 2HI.
(~H/Hp) =a/ uTg r" where Tr is given by (3), AH is the Knight shift in gauss, and Ho is the applied magnetic field in gauss. The effect of electronic correlations is also neglected in this expression.
In Table I The absorption line becomes narrower above saturation, as previously reported by Abell and Knight, " and similar narrowing occurs in the derivative of the dispersion. This is also in convict with theory, which predicts that the absorption and dispersion curves should both broaden upon saturation.
The audio phase of the signal at the output of the receiver was not the same as the phase of the modulation applied to the dc magnetic field IIO. In the limit of small modulation frequency, the nuclear resonance signal and the modulation appear to be in phase, and the output of the lock-in amplifier probably represents the true derivative of the absorption and dispersion. As the modulation frequency is increased, however, the nuclear resonance signal lags behind the modulation. where yp is the proton contribution to the static nuclear susceptibility and T'~~and T~II are the transverse and longitudinal relaxation tirges4 for the protons in the sample. The water and metal samples occupied nearly the same volume in the nuclear induction head, so that no geometrical correction is necessary for comparison.
The quantity plotted in Figs. 3 and 4 is the output of the lock-in detector divided by the product of the rf input level to the nuclear induction head, the modulation amplitude, the total number of resonated nuclei in the sample, the Q-factor of the receiver coil in the nuclear induction head, and the over-a/I gain of the receiver and lock-in detector. Of these corrections, the first and the last two were given automatically by the calibration circuit. In the limit of low modulation frequency the quantity plotted in Figs. 3 Fig. 2 and to avoid confusion the actual H20 data are omitted and only the dotted line through the H20 points of Fig. 2 In the course of this decay work M&H& is done by the spin system on the external magnetic field; this energy can come only from the internal (spin-spin) energy of the spin system. The energy cannot come from the lattice, because we have implicitly neglected the spinlattice interaction by neglecting the T& term in the Bloch equations. Speaking somewhat classically and loosely we can say that the initial state corresponds to n excess spins aligned in the rf Geld direction and the final state corresponds to no excess spins aligned in any specific direction and X excess spins aligned preferentially in the direction of the magnetic fields of their neighbors. Conservation of energy requires that
where bH is of the order of the rms magnetic field at a nucleus due to its neighbors, or approximately the halfwidth of the resonance line in gauss. The decay predicted in time T2 by the Bloch equations is an irreversible process in a thermally isolated spin system, and the entropy of the system -must increase. The initial entropy of the spin system is the same as that for a spin system with e excess spins parallel to a fixed magnetic field: S, = S2 -kn2/1V. (7) So is the maximum entropy of the spin system corresponding to complete chaos, k is Boltzmann's constant, Ã is the total number of spins, and for simplicity we assume that the spin is -, '.
By analogy with (7), the entropy of the final state is expected to be approximately given by
This assumption can be justified by a detailed calculation similar to that of Appendix A discussed below.
From (6), (7), and (8) To summarize, for H»bH the spin system is unable to take up the entire energy of the nuclear magnetization with respect to the rf magnetic field, and the transverse decay predicted by the Bloch equations is partially forbidden. As will be discussed in the next section such a process is further inhibited by the rapid decrease of the suitable transition probabilities as the rf field is increased. The unitary transformation R,"&can be regarded as a transformation to a coordinate system rotating about the s-axis with frequency a& (note that this is the rf frequency, not necessarily the resonance frequency~s).
As above, the subscript r is used to denote quantities in this coordinate system and R," is the effective Hamiltonian in the r-system'.
Eye corresponds to a further transformation to a coordinate system 6xed with respect to the r-system, whose s-axis coincides with the effective magnetic field direction, and whose y-axis coincides with the y-axis of the r-system. 0~i s the angle between the effective magnetic field H, " in the rotating coordinate system" and the s-axis in the 6xed system. Quantities in this system are denoted by the subscript p.
The Hamiltonians BC,"andX" in (18) and (19) (24) jk p= (5 cos'8 -s)»k, If H, " is very large (but still much less than 110) the fourth and fifth terms of K"arenonsecular perturbations, since, being time-independent, to be secular they must connect eigenstates of the first three terms of 3C p having the same eGective energy, whereas actually they connect states diGering in eGective energy by about one or two times yh(H, "+BH). Under these circumstances we can ignore these terms and 3'. "conserves M", the nuclear magnetization in the eGective field direction. It should be noted that to ignore these terms the transition probabilities associated with them must be much smaller than T& '. Thus this procedure is valid only for H, "verymuch larger than the resonance line width.
Conservation of M" leads to a system of equations similar to (9), whose solution in the limit of large H~is identical with (11).We do not go into details because the theory is not applicable to any experimentally attainable situation. Experimentally we are limited to rf field intensities comparable to the resonance line width.
C. Canonical Distribution in the Rotating System
In the previous section we obtained a transformed spin Hamiltonian which was eGectively independent of time. A time-independent Hamiltonian is convenient to work with because the concepts of statistical mechanics can be more easily applied to it and because the effective energy" of the spin system can change only through the ""ERective energy" will be used to denote eRective energy with respect to the rotating coordinate system, i.e. , with respect to the time independent part of K"orK, p, not the total energy in the fixed system, which is no longer a constant of the motion. The word "eRective" will denote any quantity defined or measured in the rotating system. We now consider what happens if we turn on the spinlattice interaction and wait for a time long compared to the spin-lattice relaxation time, but short compared to the time required for the rf field to heat up the lattice appreciably. In the absence of the rf field and in the fixed coordinate system, the spin system will approach a canonical distribution of states with equal spin and lattice temperatures. In the presence of the rf field, in the rotating system, the spin-lattice interaction will change the average expectation value of the eGective spin Hamiltonian to some quasi-equilibrium value. We have no rigorous assurance that the spin system will remain in a canonical distribution of states with respect to K,"butwe assume that it will. This assumption can be regarded as an admission of our ignorance concerning the system; lacking detailed information, we simply assume that the system is in its most probable state for the limit of zero spin-lattice interaction. The actual effective spin temperature in the steady state is determined by the lattice temperature and the spin-lattice interaction, and depends on Ho, H~, and co. Unlike the static case with no rf field, the eGective spin temperature is different from the lattice temperature and can actually be negative. The reason for this difference is that the spin-lattice interaction in the rotating system contains an explicit time dependence which is not present in the fixed system.
An analogous problem is that of a gas in a fairly wellinsulated bottle, connected to one or more temperature baths by heat leaks. To find, say, the pressure of the gas it is necessary to assume immediately that the gas molecules are in their most probable state (a Boltzmann distribution) subject to the constraint that they have some definite energy (corresponding to the gas ternperature). The problem is then reduced to 6nding the gas temperature as determined by the various heat leaks (corresponding to the spin-lattice interaction) and temperature baths (corresponding to the lattice). If the bottle is constrained to move it is necessary to transform to the bottle's coordinate system before applying statistical mechanics to the gas, in analogy to the rotating coordinate transformation used here. All of classical acoustics and Quid mechanics are based on assumptions similar to those used in this paper since it is always assumed that matter possesses the same thermodynamic properties viewed from a suitably moving coordinated system and in suitably small pieces as it does at rest in a Axed coordinate system. When temperature, pressure, or velocity gradients in a gas become too large, this assumption breaks down (i.e. , at low pressures and in shock waves) and the theory becomes difficult. Likewise, in the case of spins when the spin-lattice interaction becomes too large, the assumptions used here break down and the theory is difIicult.
A 
Transforming back to the 6xed system we have (since M, is in the direction of H, ")
M~3f"sinO~cosoit, 3I"~3II"sinO' sine t, cV.~3f"cos 0.
(33a)
To determine the expectation value of X,"weuse a simple relaxation assumption to account for the spinlattice interaction. The physical reasoning which follows is justified in more detail and under more general conditions in Appendix B.We assume here that the eGect of the spin-lattice interaction is to relax each nucleus independently into its equilibrium state in a time T&.
where the left-hand side is the spin-lattice contribution to the time derivative of the expectation value of I;, and Io is the static thermal equilibrium value of I"given by Io= -'sgPI(I+ 1)8/k T. Ke assume that the spin-lattice interaction does not perturb the spin system cononical distribution appreciably except to bring about a slow change in ((X")) =(PC. ,)), the transformed spin Hamiltonian average expectation value. The spin lattice relaxation can be fictionally regarded as a two-step process. The first process is the scattering of the nuclear spin into a completely random orientation, in a time T&. The second process is a scattering of the spin into an orientation with probability governed by the Boltzmann distribution of states with respect to the externally applied magnetic field, in an infinitesimal time after the first scattering. These two processes correspond respectively to the two terms on the right-hand side of (34). The change in ((3C,")) with time is the sum of the separate changes brought about by these two processes.
The rate of change of ((K,")) due to the first (random) scattering is [8/Bt jsl z((K,")) =+3II"H"/T, 2((Ass))/T, . (-36) The external effective spin energy -M"H, "(expectation value of the first term of BC, ") is proportional to the sum of expectation values of components of the I, , and is thus expected to decay to zero in time Tj for random scattering of the spins, corresponding to the first term in (36). The spin-spin energy ((BCss)), on the other hand, is quadratic in the components of the I, , and is therefore expected to decay at twice the relative (logarithmic) rate of the external energy; thus the factor two in the last term of (36). To obtain the steady-state value of M"weuse (30) and (32), and set the sum of (36) and (37) Bx'/BHo= xoHo/2((&H) )a~ (46) This is the low rf field limit assumed in Fig. 6 for the case (curve a) of pure dipolar broadening (rT, s --0). If there exists an exchange-type interaction g, &NO) the resonance line will be exchange-narrowed and the dispersion derivative will be increased (curve b)
The region indicated by the dotted lines in Fig. 6 cannot be treated theoretically, but x" and Bx'/BH p in this region are expected to undergo a smooth transition between their low and high rf field values, as indicated.
The solid lines in Fig. 6 for large H~represent the predictions of (41) has suggested a method of calculating T» in those metals for which the nuclear spin-spin interaction A;kI; Ik is the predominant term in Xss. This is the case"" in most of the heavier metals, probably including copper and aluminum. Equation (36) . Tss ' is a suitable average of the probability that, of two neighboring nuclei, either one will be Ripped by an electron without the other. If the electron wavelength is very short it is expected that the relaxation will be incoherent and that T"=-, 'Ti' as in (36 The statements in the previous paragraph may appear to contradict the usual assumption that two diferent nuclear magnetic ingredients in a solid interact entirely independently with the rf field, from which it would follow that the primed system is unaGected by rf power at the resonant frequency of the unprimed system. Actually this assumption is not quite true, since the spin-spin energy of the primed system evidently increases in this case. For most purposes this energy is negligibly small compared to the external energy (in the fixed system) of the primed system, which is unafFected by the rf field. Only in the present case, where effective energy is the important quantity, will the spin-spin energy be important, and then only in determining the behavior of the unprimed nuclei.
As before we assume that at high rf levels the spin system is in a canonical distribution of states with respect to the retained parts (all but the last term) of the electively time-independent transformed Hamiltonian 3C,". As a consequence of this assumption, the part of the nuclear magnetization due to the unprimed spins is in the effective Geld direction with magnitude 3E"while that due to the primed spins remains at its thermal equilibrium value in the s-direction.
The effect of the unlike neighbors can be expressed in terms of the ratio (5H)'/H, "' of internal spin-spin energy to external (unprimed) spin energy. In Appendix C it is shown that (8H)'=-'((»)') +I(I+1)(fNA'y') '
x(E; .~,'+2, ' '~,")+((»)'). (56) where (8H)'"is equal to the first two terms of (bH)' LEq. (55)], (8H)'"equals the third and fifth terms of (5H)', and Mp is the unprimed contribution to the static equilibrium magnetization.
As before, the theory is valid only for rf field levels above saturation, and if the spin-lattice interaction results in correlated scattering for neighboring spins the remarks at the end of Sec. III(c) apply.
The predicted behavior of y" and Bx'/BHp at resonance for a crystal with two magnetic ingredients is shown in Fig. 6 Equation (60) also follows directly from the first law of thermodynamics" for the transformed Hamiltonian dU"'= dQ, "+M,dH", where U, "' is the effective energy of the spin system ((K,")), and Q" is the efFective heat transferred from the lattice to the spin system via the spin-lattice interaction. Application of thermodynamics to K," is valid because the changes in 3C,"are reversible (slow) and the coupling to the lattice is assumed weak. 
Here BX /BHp is the true dispersion derivative at resonance in the limit of slow modulation. Equation (73) If T~p -Tj is short compared to the time taken to pass through resonance, we can regard co as fixed, and the first-order solution of (62) The apparent absorption derivatives are obtained from conservation of energy considerations in the 6xed coordinate system. The rate of transfer of energy from the spins to the lattice is to a good approximation Hp(Mp -M.)/Ti. Conservation of energy" for the spin system then requires that l9
IV. COMPARISON VfITH EXPERIMENT
We have not made a detailed analysis of the observed line shapes, but it appears that they are in agreement with the predictions of the theory. In the metals the absorption and dispersion derivatives above saturation Using the fact that ((K,))~HpM, and BB/Bt~BH/Bi, and averaging over one rf period, we get (75) Equations (33), (58), (59), and (75) can be solved for the apparent absorption derivatives. The result is complicated and will be omitted. The absorption signal depends on both the modulation frequency and phase.
Since it is not customary to adjust a lock-in detector with extreme care, the phase of the observed signal in previous measurements of T~by saturation must be regarded as uricertain, and the reported values of Tj correspondingly uncertain. The resulting errors in T& are not likely to be greater than a factor of two or three because the onset of saturation will still occur at level Hi 2fy'Tig(rp)] *' corresponding to the point where the rf transition probability is comparable to the spinlattice transition probability. Fast modulation will only change the details of the absorption saturation and apparent asymptotic absorption at resonance for large II~.
The predicted dependence of T~p on rf 6eld is shown in Fig. 6 , assuming uncorrelated spin-lattice relaxation between neighbors. In the limit of large 8&, T&, equals Ti (or more generally Tp, , here we assume as usual Ti Tp,). At the va--lue of Hi corresponding to the knee of the dispersion curve T» undergoes a transition to Ti/2 for a single magnetic ingredient, or to some other value for two magnetic ingredients as indicated by (48) and (56). Below saturation the observed dispersion signal is expected to be in phase with the modulation and to correspond to the true dispersion derivative. The observed T» as defined by (73) is then expected to decrease in some unpredicted way corresponding to the dotted lines in Fig. 6 . are very nearly Lorentzian" and have the expected width. The apparent dispersion derivatives in NaCl at large rf fields appear to be in agreement with the theory, assuming co Ti))1 and, for the impure NaCl, assuming Ti short compared to the few minutes taken to sweep through the resonance, or, for the Harshaw NaCl, assuming T& comparable to the time taken to sweep through the resonance.
The observation of the adiabatic fast passage4 signal in the Harshaw NaCl is evidence that we were justi6ed in neg1ecting the time-dependent terms in K,"and3C" LEqs. (20) and (21)j. If these terms could induce transitions among the diferent eigenstates of the timeindependent part of the transformed Hamiltonian then the magnetization in the s,-direction, 3f", would be destroyed when co passed through resonance. The observations on the Harshaw NaCl indicate that the relaxation time of M"produced by these terms is greater than about one minute, so that they can be neglected for most purposes.
We now reconsider the absorption data of Fig. 1 .In the limit of large Hr, (43) In this way we get 5.5 milliseconds for T& in aluminum and 3.55 for copper. Since it is uncertain whether the asymptotes drawn in Fig. 1 N 'Bx'/BHo=0. 6orI(I+1)voy/3kT((&H)s)"", (78) where ((AH)')A" is the second moment of the line. If the line were assumed to be Gaussian the factor in (78) would be 1.0 instead of 0.6. In copper (78) predicts a ' I. Solomon (private communication) . We are indebted to Dr.
Solomon for permission to quote him prior to publication. derivative contribution per nucleus shown in Fig. 7 . Also shown in Fig. 7 is the relative dispersion derivative per proton for protons in water doped with paramagnetic impurity. This is the same 820 line shown in Figs. 2 and 3 . To get the absolute magnitude of X 'Bx'/BHo for comparison with experiment we can use either the H~O data or the aluminum or copper dispersion derivative below saturation as a cali, bration.
In order to use the proton dispersion as a calibration it is necessary to assume a value of T&rr/T&II in (S).
YVangsness and Bloch22 predict that this ratio is unity for protons in water relaxed by paramagnetic impurities, as considered here. The same result follows"" from a somewhat more general theory of Kubo and Tomita. " Solomon' has recently measured T~II and T2~, using spin echo techniques for protons in water containing Fe ions. For Fe concentrations up to that required to reduce T& to one millisecond he 6nds that T,rr/T» --1.0+0.03, in agreement with theory. Unfortunately the dispersion derivative observed in water in Fig. 7 is inconsistent with that observed below saturation in copper and aluminum (which is rigorously determined by the Kronig-Kramers relations and the unsaturated absorption line shape) unless we assume Trlr/Tsrr 2. Thus it appears that either the errors in the data are greater than the conservative estimate of &20 percent, or that there is something wrong with the theory of nuclear resonance in liquids. The latter possibility should not be taken too seriously in view of the rather preliminary nature of the data, but it may be that the high concentration of paramagnetic impurities (~1 percent) could cause a decrease in the intensity of the dispersion signal because the rms value of the rapidly fluctuating local fields seen by the nuclei is larger than the appli. ed field Ho.
In view of this difficulty we adopt the less accurate (but theoretically more rigorous) alternative of using the dispersion signal in aluminum and copper below saturation as a calibration. We approximate the line shape with an inverted truncated parabola:
This is an excellent approximation for aluminum and a fair one for copper, which has a more nearly Gaussian resonance line than aluminum. Inserting (76) We use the aluminum dispersion derivative as a primary calibration, and assume that its experimental value (upper horizontal arrow in Fig. 7 ) is given correctly by (78). The copper dispersion derivative below saturation is then somewhat greater than the prediction of (78) Fig. 7 for large Hc orrespond to the prediction of (41), taking (BH)'=3.4 gauss' for aluminum and 5.0 gauss' for copper. In aluminum the plateau predicted for By'/BHs at intermediate fields is not resolved, owing to the relatively small ratio of Tt to (yBH) ' compared to that assumed for the predictions of Fig. 6 . In copper the plateau evidently nearly coincides with the value of By'/BHs below saturation.
In Fig. 8 The dispersion minimum frequency of 12.75 kc corresponds to the proton resonance frequency in a field of 3.0 gauss. Search coil measurements indicated that in the run of Fig. 9 , H~was 3 gauss within the probable experimental error; these measurements of H& were rather inaccurate because of the uncertain geometric factors involved. Actually the run of Fig. 9 was used to calibrate the rf field for use in the other runs reported in this paper, and the rf field in this run was therefore assumed to be 3.0 gauss. The theoretical justification for this assumption will be given below.
Rotary saturation can be understood by transforming to the rotating coordinate system. In Fig. 10(a) is shown H,"during a positive peak of the 14 cps magnetic field modulation. The Bloch equations predict that in the absence of the applied audio field and in the limit of large H~the magnetization will be approximately in the direction of H"with a magnitude M" = &0 cosOT2~/Tia. At the negative peak of the modulation the situation depicted by the dotted arrows in Fig. 10(a) Fig. 11 ), but for large Hi the minimum very nearly coincides with the predicted nutation frequency.
Rotary saturation in solids can be treated theoretically in the rotating system in the same way that ordinary saturation was treated by BPP, because the analogy of (1943) .
A. Wright, Phys. Rev. 76, 1826 (1949) . Fro. 12. Values of f(v,)T&~$1+(bH)'/HPg ' obtained from double saturation data for aluminum. HI was 4.3 gauss, the modulation was 2.5 gauss peak-to-peak, and go was about 7.6 megacycles. The arrow indicates the frequency pH&/2s. .
Here ((R.,))s= Ms, H.,[1+(8H)s/H, "s], the quasi-equilibrium value of ((BC,") ).
In the quasi-steady state the thermal rate of decrease of ((X,")) given by (84) The method used to calculate the ratio of the effective external energy M"B, " to internal spin-spin effective energy is similar to that used by Van Vleck" to calculate the specific heat of a spin system. However, the form of the Hamiltonian is slightly diferent and the calculation is simplified by the use of the density matrix" formalism.
The assumption of a canonical distribution of states with respect to the transformed spin Hamiltonian is equivalent to the assumption that the state of the solid is described by the density matrix (in the r-rotating system) The equation of motion of ((X")) is -((x., )) =((-ix"x. , )))+(( ")), (94) where X"is the total Hamiltonian X=Xz+Xsz+Xs transformed to the r-system: XL+XSLB(t)+Re~ (95) Since K"commutes with itself and Xr"(94)becomes result is -0T~((X., )) = -, 'Ng' 8)'H, "'I (I+1) +(1/9)I'(I+1)'2 i) (3A Ji'+ 3Bg)') (93)
The first term of ((X,")) is the external energy -M"H, ", as can be verified by directly calculating ((M")) = ((gP g I,)) using (87). The second term is the internal spin-spin effective energy. Equations (30) 
Tr(BI,,)I;,I),"2pi, =(-1/9) P (I+1)'/Ti, (102) Tr (BI;") I,"I), "'pz ---(1/9) P (I+1)'/T2"(103) where j/k; p=x, y, s; v=x, y. All other traces occurring in (97) are zero. Using these expressions we get -((K,")) = ((BX. ,)) -M, . In (97) p is understood to be given by (87).
To evaluate (97) we use the assumption (34), which in slightly more general form can be written M, p --I(I+1)g'P'NH, "/3k T*.
The static equilibrium magnetization Mp is given by the same formula with M"~Asap, T*-+T, and H. "-+Hp.
Therefore ( In this calculation X&z, and 3C»"contain only the time dependent part of the spin-lattice interaction which is responsible for the relaxation, while Xq and X," contain time independent parts which result from the spin-lattice interaction (i.e. , chemical shift, Knight shift, and electron coupled spin-spin interactions). "" As discussed in Sec. , ''III(c) , this procedure is hard to justify rigorously, but seems reasonable. physically.
Here we have temporarily abandoned the assumption T~=T2"and p is a density matrix describing an arbitrary state of the spin system. Thus p'= plpl. , where p~i s an arbitrary function of the spin operators for which Trrpr= (2I+1)~.Use of the various operators 1, 1+I;b 1+I;~I), "1+I, I),"I), r (with $, )t, f'=x, y, z, and
